The relative binding affinities of the extended-spectrum cephalosporins cefepime, cefpirome, and cefaclidine for the penicillin-binding proteins (PBPs) of Escherichia coli K-12 and Pseudomonas aeruginosa SC8329 were determined. Affinities were calculated from competition experiments between these antibiotics and [3H]benzylpenicillin in isolated membrane preparations. The concentrations which reduced binding to a PBP by 50% (IC50s) were determined. For E. coli, all three antibiotics displayed good PBP 3 binding (IC50s of 0.5 ,ug/ml or less), and MICs roughly correlated with these values. Cefepime had a greater than 20-fold-lower IC50 for PBP 2 of E. coli than the other antibiotics. For P. aeruginosa, all of the antibiotics bound poorly (>25 ,ug/ml) to PBP 2 but showed excellent pseudomonal (<0.0025 ,ig/ml) PBP 3 binding. No correlations were seen between IC50s
Chemical modification of 3-lactam antibiotics has yielded many compounds with improved activities and expanded clinical spectra. The most important factors believed to lead to increased efficacy, as determined by lower MICs, are low affinity for and slower hydrolysis by P-lactamases, fast penetration through the outer membrane in gram-negative bacteria, and high affinity for the penicillin-binding proteins (PBPs), which are the target enzymes for these antibiotics (2, 13, 16, 21) . Improvements in one or more of the above are believed to lead to better antibacterial activity. There are numerous examples of improved compounds, such as the broad-spectrum cephalosporins cefotaxime and ceftazidime. However, widespread use of these antibiotics has led to the appearance of resistant bacterial strains of organisms such as Pseudomonas aeruginosa, Enterobacter cloacae, and Serratia marcescens, which constitutively produce high levels of type I ,-lactamase (18) .
Recently, three new cephalosporin derivatives which have increased efficacy against ,-lactamase overproducers have been reported (15) . Cefepime (BMY-28142) (17) , cefpirome (HR-810) (8) , and cefaclidine (E1040) (25) all contain substituents with a quaternary nitrogen at C-3 ( Fig. 1 ). These compounds exhibit low P-lactamase hydrolysis and higher rates of penetration through the outer membranes of gramnegative bacteria (15) . They have been classified as "fourthgeneration" and extended-spectrum cephalosporins because of their expanded spectrum of activity against members of the family Enterobacteriaceae compared with three earlier series of cephalosporins (2) and, for cefepime and cefpirome, a better balance in activity against Staphylococcus aureus and P. aeruginosa (7) . Studies on P-lactamase hydrolysis and affinity (4) (5) (6) 17) and outer membrane penetration (1, 11, 14, 15) In order to gain an accurate insight into antibiotic-PBP interactions, we attempted to minimize the effects of antibiotic penetration and ,B-lactamase hydrolysis by using isolated membranes from ,-lactamase-deficient strains. In this paper, we examine the binding affinities of cefepime, cefpirome, and cefaclidine to the PBPs of Escherichia coli and P. aeruginosa and how these relate to in vitro activities and morphological forms seen after treatment with these compounds. Scanning laser densitometry was used to quantify the binding affinities of these cephalosporins for the individual PBPs. The amount of unlabeled antibiotic which reduces binding to a PBP by 50% when radiolabeled benzylpenicillin is added (IC50) was estimated from the binding curves generated for each PBP (Fig. 3) of concentrations for the three antibiotics (data not shown) in MHB at 37°C. Despite the differences in PBP binding affinities, all appear to display similar bactericidal rates over the initial 3-h period.
MATERIALS AND METHODS
PBP 2 in E. coli has been identified as playing a role in shape determination (19, 20) . Since cefepime exhibited a PBP 2 binding affinity more than 20-fold greater than those of the other antibiotics, its effects on cellular morphology were examined and compared with those of cefpirome and cefaclidine. Morphologies were observed for various times and concentrations of antibiotics by phase-contrast microscopy. The results revealed that all three induced the formation of long filaments beginning at approximately the MICs detailed in Fig. 4A through C. In addition, at concentrations greater than 10 times the MIC, cefepime alone induced "bleb" formation at high frequencies along the E. coli filaments ( Fig.   4D ; two. blebs in focus in foreground) in contrast to cefpirome and cefaclidine ( Fig. 4E and F) .
DISCUSSION
This work describes the first comparison of binding to PBPs of the three fourth-generation cephalosporins. Ceftazidime was chosen,, for comparative purposes, as a representative of the extended-spectrum class of cephalosporins. From the viewpoint of structure-activity relationships, the structures of these three antibiotics differ mainly in the substituents at the 3 position (Fig. 1) . The differences in binding affinities mentioned in this study are due to these structural differences and are hot influenced by permeability, P-lactamases, or PBP increases due to continued cell growth since isolated inner membranes rather than whole cells were used. E. coli K-12 and P. aeruginosa SC8329 were chosert because they contain low intrinsic levels of chromosomally encoded P-lactamase. There appears to be a rough correlation for E. coli K-12 between PBP 3 IC50s and MICs. For example, cefaclidine and ceftazidime had approximately 10-fold-higher binding affinities for PBP 3 than cefepime and cefpirotne, and they also had 10-fold-higher MICs. Of note is the fact that cefepime had a more than 20-fold-higher binding affinity for PBP 2 of E. coli K-12 than the other antibiotics. This result agreed with previously described data for Entero- (6.25 ,ug/ml) (F). Bar, 5 , um. bacter cloacae, in which high affinities for both PBP 2 and PBP 3 were also reported for cefepime (23) . Few other cephalosporins show this combination of high affinity for PBP 2 and 3 in the Enterobacteriaceae family (23, 24) . No correlation between MICs and PBP affinities was evident for P. aeruginosa SC8329. This probably reflects outer membrane penetration factors present in P. aeruginosa during the MIC determination combined with any contribution by lowlevel P-lactamase production over the 24-h period; factors such as these are absent in isolated membrane binding studies. All four antibiotics displayed very high affinities for PBP 3 and poor affinities for PBP 2 in P. aeruginosa.
Previous work has linked inhibition of E. coli PBP 3 with filament formation and inhibition of PBP 2 with the induction of spherical cells (19, 20) . Therefore, the effects of these three antibiotics on E. coli morphology was examined. The results showed the expected formation of filaments in the presence of these antibiotics, since all three have high binding affinities for PBP 3. In the presence of higher concentrations (>1Ox MIC) of cefepime, 25 to 50 blebs per field were evident along the filaments (Fig. 4) . These blebs possibly are the result of PBP 2 inhibition affecting cell shape. The concentration at which the blebs first began to appear is just more than the IC50 of cefepime for PBP 2 (Table 1) . A similar observation has previously been reported for a carbapenem which has a high affinity for both PBP 2 and PBP 3 in E. coli (22) . Blebs were not seen with cefpirome and cefaclidine at 63 times the MIC.
As stated above, the effectiveness of a P-lactam antibiotic against gram-negative bacteria is due to a combination of abiiity to penetrate the outer membrane, P-lactamase stability, and affinity for PBPs. Recently, efforts to evaluate the first two of these factors in a quantitative manner have led to equations that are reasonably predictive of P-lactam antibiotic activity (2, 16) . However, as noted recently in a study of the three compounds in the present report, the affinity for PBPs is an additional important parameter (15) . The three extended-spectrum antibiotics have been reported to penetrate E. coli several times faster than cefotaxime and ceftazidime (1, 15) . In addition, all three share low affinities or high Km values for type I 3-lactamases and can be expected to be hydrolyzed slowly in vivo (15) . The data presented here begin to address the third factor, i.e., PBP affinities. It is evident from these data that cefepime, cefpirome, and cefaclidine exhibit high-affinity binding to an E. coli PBP (PBP 3) and low-affinity binding to P-lactamase at or near the MICs (4, 5, 17) . This combination along with the high rates of penetration may explain the excellent activities seen against gram-negative bacteria.
